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In this study, we use dielectric spectroscopy to explore how frequency and amplitude of an applied strong
electric field affect the overall crystallization kinetics over a range of temperatures, focusing on a molec-
ular system with field-induced polymorphism: vinyl ethylene carbonate (VEC). The volume fraction of
the field-induced polymorph can be controlled by the parameters of the high-electric field, i.e., frequency
and amplitude. We find that the crystallization rate maximum of the field induced polymorph is located
at lower temperatures relative to the that of the regular polymorph. The temperature of the highest crys-
tallization rate for the regular polymorph was found to be unaffected by the electric field, but the overall
rates increase with increasing field amplitude. The dimensionality of crystal growth is also analyzed via
the Avrami parameter and is frequency invariant but affected by the field amplitude. Our results demon-
strate that a detailed knowledge of the influence of high fields on crystallization facilitates control over
the crystallization behavior and the final product outcome of molecular systems, providing new oppor-
tunities for material engineering and improving pharmaceuticals.
 2021 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
If a liquid is supercooled to a sufficiently low temperature and
rapidly enough, it can avoid crystallization and reach a glassy state.
In this regime, the system is far from thermodynamic equilibrium
and tends to rearrange itself in the well-defined array of atoms/-
molecules of a crystal structure. A complete understanding of the
crystallization process is a fundamental goal since the numerous
properties of the final product depend on the degree of crys-
tallinity, polymorphism, grain size, or crystal quality.[1–3]
Different factors can affect crystallization. An elementary guide
to the crystal formation and description of its relation to the glassy
state comes from the classical theories of nucleation and growth.
[4,5] In a classical view, the crystallization process involves form-
ing an embryonic nucleus and its subsequent growth. The rates
of nucleation, J(T), and crystal growth, u(T), are subject to distinct
temperature profiles, but each process typically reaches its maxi-
mum at some temperature between glass transition at Tg and the
melting point at Tm. The temperature of the highest crystal growth
rate (u) is usually above that of the nucleation rate (J). The temper-
ature zone in which u(T) and J(T) curves overlap considerably leadsto ideal conditions for fast crystallization, especially on cooling the
melt.[6,7]
Several experimental, as well as theoretical studies, have
revealed that sufficiently high electric fields affect crystallization.
[5,8–17] However, predicting how the electric field will affect the
crystallization is not fully established. In a classical view, the elec-
tric field affects both nucleation (J) and crystal growth (u):[18,19]
J / D exp DGc Eð Þ=kBTð Þ ð1Þ
u / D 1 exp Dl Eð Þ=kBTð Þ½  ð2Þ
where D is a diffusion constant, DGC is the Gibbs free energy, and
Dl is the difference in chemical potentials between melt and crys-
tal phase. BothDGC and Dlwill be affected by the electric field, also
making J and u dependent on the electric field. Still, the information
needed to predict the magnitude of the field on the crystallization is
generally not available. In the case of polar liquids, the modifica-
tions of thermodynamic potentials[20–22], free energy and entropy,
and the field-induced orientation[23,24] induced by high electric
fields can have an enormous impact due to the possibility of leading
the final product into a different polymorph.[17,18]
A single component glass-forming liquid with a relatively large
value of the permanent dipole moment[25], vinyl ethylene carbon-
ate (VEC), a vinyl derivative of propylene carbonate (PC), has been
studied recently under high electric fields. [9,17,18,26] It was
Fig. 1. Overview of the experimental protocol used to study the effect of the
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pletely new polymorphic form can be obtained when a high elec-
tric field is applied. Additionally, it was found that these electric
field effects are influenced by the frequency and magnitude of
the applied electric field.
Despite the research previously done, there is no predictive the-
ory or experimental evidence that addressed how the high-electric
field influences the crystallization rate curves. This work steps for-
ward on resolving this question by exploring how the electric field
affects the crystallization behavior of VEC for different tempera-
tures and for different volume fractions of the field-induced poly-
morph after crystallization has been completed. For a wide range
of crystallization temperatures, Tc, VEC is subjected to different
magnitudes and frequencies of alternating (AC) or static (DC) high
fields. We analyze the Avrami parameters (rate k, exponent n) of
the crystallization kinetics and subsequently record the melting
profiles of the final crystallized product. This facilitates disentan-
gling the crystallization curves k(Tc) for the two polymorphs, the
regular and the field-induced ones, in a more wide temperature
range. The results presented in this work yield valuable informa-
tion about the effects of the electric field on the crystallization rate
curve, completing a study on the influence of the electric field on
the crystallization of the VEC.magnitude and frequency of the field on the crystallization of VEC at different
crystallization temperatures, Tc.2. Experimental
The compound 4-vinyl-1,3-dioxolan-2-one or vinyl ethylene
carbonate (VEC, purity 99%) was obtained from Sigma-Aldrich
and used as received. The liquid was loaded into two parallel pol-
ished stainless-steel electrodes separated by a Teflon ring of
d = 25 lm nominal thickness, leaving an active inner electrode sur-
face area of r = 7 mm radius. The resulting geometric capacitance is
Cgeo ¼ e0pr2=d ¼ 54:5pF. By comparing the observed permittivity
with reference data, the actual electrode separation was deter-
mined to be closer to 20 lm. A Novocontrol Quatro temperature
control system was responsible for regulating the temperature of
the sample cell with stability better than 0.1 K.
The dielectric measurements were carried out in the frequency
range from 10-1 to 104 Hz using a Novocontrol Alpha Analyzer. The
high voltage unit HVB1000 from Novocontrol was used to achieve
the high electric fields. This extension test interface boosts the
voltages of the Alpha Analyzer from 40 Vpeak to 500 Vpeak. All volt-
age and field amplitudes are reported as root-mean-square (RMS)
values. All fields intended to affect crystallization were around E
 80 kV cm1, while amplitudes of the alternating fields used to
measure dielectric permittivity, e, in the linear regime were kept
below 16 kV cm1, which is a factor of  25 lower in terms of non-
linear (E2) effects.3. Results and discussion
To identify the influence of the magnitude and frequency of the
electric field on the crystallization of VEC at different tempera-
tures, we have followed the thermal protocol shown in Fig. 1. This
experiment starts at the temperature T = 243 K, which is 15 K
above the melting temperature of the low-field polymorph and
thus ensures an equilibrated state. In the next step, the sample is
cooled down to T = 173 K (=Tg + 2 K) with a rate of approximately
10 K min1. The sample is exposed to the desired high field, DC
or AC, for 1 h at this temperature. For reference, experiments at
zero field were also performed. Thereupon, the temperature of
the sample is increased to the crystallization temperature, located
between 193 K and 223 K, at a rate of approximately 5 K min1.
The progress of the crystallization is followed using dielectric spec-
troscopy, that is, by analyzing the drop of the dielectric permittiv-2
ity at 10 kHz with time. After crystallization, the sample was
heated at a constant rate of 1 K min1 to T = 245 K, and the melting
behavior is followed by measuring the dielectric permittivity at
10 kHz during this heating ramp. Due to the high conductivity of
the sample at elevated temperatures and the resulting risk of sam-
ple failure, it is not possible to follow a different experimental pro-
cedure where high fields are applied during crystallization.
After increasing the temperature from T = 173 K to the desired
crystallization temperature in the absence of a field, the crystal-
lization progress can be monitored by analyzing the changes in
the real part of dielectric permittivity using dielectric spec-
troscopy. In polar liquids, the dielectric constant is dominated by
polarization due to rotational motion of permanent dipoles. How-
ever, these motions are suppressed when the sample is crystal-
lized, making it possible to follow the crystallization process
using dielectric techniques. Therefore, as a good approximation,
e’ measures the fraction of crystal (Vcry/Vtotal) through[18,27,28]
Vcry=Vtotal ¼ ðes  e0Þ= es  e1ð Þ ð3Þ
where es is the dielectric constant of the liquid and e1 is considered
the permittivity of the crystalline state and of the liquid in the high
frequency limit, in which orientational contributions from perma-
nent dipoles are absent. The volume fraction can be related to the
rate of crystallization, k, and the Avrami parameter, n, which repre-
sents the dimensionality and geometry of the crystal growth
through the Avrami relation [29,30]
where t is the time after the onset of crystallization, i.e., exclud-
ing the incubation time of the process. In cases where both crystal
types are formed, the superposition of two Avrami curves may be
expected to be required to fit the crystallization behavior. Instead,
we observe, as previously, [9,17,18,26] that a single Avrami fit pro-
vides a good representation of the data. If the two crystal types
lead to distinct Avrami curves, their difference cannot be resolved
on the basis of the present data.
3.1. Crystallization rates
In Fig. 2a, we present the temperature dependence of k as mea-
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Fig. 2. The characteristic time of crystallization for VEC plotted as a function of
crystallization temperature using different field magnitudes (a) E = 200 kV cm1 for
a DC field and E = 160 kV cm1 for an AC field with different frequencies; (b) E = 200
and 100 kV cm1 for a DC field and E = 160 and 100 kV cm1 for an AC field at fixed
frequency, f = 10-1 Hz. Solid lines are fits to the experimental data with the use of an
exponential function plus a linear term. Panel (c) shows the frequency dependence
of the crystallization rate when using AC fields. The values obtained in the absence
of high-field and for DC case were added as a reference.
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experiments where no field was applied, the logarithmic crystal-
lization rate increases from  4.49 at 193 K to  3.33 at 213 K
and then decreases again at higher temperatures. In this way, the
most favorable temperature region for crystallization is within
the 210–220 K range, as indicated by the maximum of the crystal-
lization rate curve. For the highest field frequency that we use, i.e.,
1 Hz, we do not observe any changes in the overall crystallization
rate curve position, but a uniform increment in the crystallization
rate can be observed if compared to the zero field case.
The crystallization rate behavior, k(Tc), for the case where we
use the same field amplitude, 160 kV cm1, but at a lower fre-
quency, f = 0.1 Hz, shows a qualitative difference compared with
the f = 1 Hz situation. At Tc = 198 K and below, instead of the value
of k further decreasing, the rate increases and gives rise to another
crystallization maximum located at lower temperatures. This new
maximum is due to the field-induced polymorph generated for fre-
quencies below a specific threshold and with sufficient magnitude
of the field.[9,26] For higher temperatures, Tc  203 K, the same
field parameters result only in an increase of the magnitude of
the crystallization rate. For an even lower frequency, f = 10-2 Hz,
we also observe two crystallization rate maxima, see Fig. 2a, but
with a somewhat higher rate k at low temperatures relative to
the f = 0.1 Hz cases. Likewise, for the crystallization curve associ-
ated with higher temperatures, the rates also increase with lower-
ing the frequency, while its maximum position is largely
maintained. The DC- field, f = 0, promotes the optimal formation
rate of the new polymorph, consistent with the frequency depen-
dence discussed above.
The dependence of k with the magnitude of the electric field is
presented in Fig. 2b. For the case of the AC field, the chosen fixed
frequency was f = 0.1 Hz. At this frequency, it is possible to gener-
ate the field-induced polymorph. For both field magnitudes, 100
and 160 kV cm1, it is possible to observe two crystallization rate3
maxima, associated with the field-induced and ordinary poly-
morphs, at low and higher temperatures, respectively. The magni-
tude of the crystallization rate increases with higher field
amplitudes; however, the temperature position of the maximum
remains unchanged. Likewise, for DC values, with field magnitudes
of 100 and 200 kV cm1, it is possible to observe the crystallization
maxima associated with both polymorphs. Comparing both curves,
we observe that the maximum of the crystallization curve remains
unchanged; however, the rates increase with increasing the field
magnitude. A closer look at the influence of the magnitude and fre-
quency of the high electric field on crystallization rate k is pre-
sented in Fig. 2c. At the selected temperature, Tc = 208 K, we can
observe that with increasing the field magnitude the crystallization
rate for both AC and DC fields increases. Moreover, in the AC case,
the frequency also has an essential role in controlling the crystal-
lization rate. For lower frequencies, the values of k are higher
and approach the levels observed with DC fields.
Overall, the position of the crystallization rate maximum is
independent of the magnitude and frequency of the applied field.
However, these factors can promote crystallization progress. For
example, increasing the amplitude of the applied field, or in AC
case, decreasing the frequency of the applied field can increase
the crystallization rate. Moreover, at lower temperatures (i.e., clo-
ser to the glass transition), it is possible to generate a new poly-
morph when using sufficiently low frequencies or higher field
amplitudes. The crystallization rate, also in this case, will depend
on the amplitude and frequency of the applied field. As for the sep-
aration of these crystallization curves associated with the two
polymorphs, the contribution of the ordinary polymorph with a
higher maximum position is expected to reflect u(T), as previous
studies have shown the absence of nucleation for T  198 K.[26]
The lower temperature contribution associated with the field-
induced polymorph will reflect a mix of J(T) and u(T), since that
polymorph can be nucleated at high fields around T = 198 K.
3.2. Avrami analysis
Applying a high-electric field not only affects the crystallization
time but also influences the dimensionality of growing crystals.
These changes can be tracked using the Avrami parameter, n, see
Eq. (4). The evolution of n as a function of temperature is plotted
in Fig. 3a and 3b for different field frequencies and amplitudes,
respectively. As can be seen, the Avrami parameter increases with
increasing the temperature, changing from n  2 at lower temper-
atures to n  3.5 at higher temperatures in the case of zero field.
When using 200 kV cm1 (DC), the n value at Tc = 193 K is similar
to the zero field case, while with increasing the temperature it
increases to n  4. This suggests that the crystallites adopt a rod-
like morphology and grow from instantaneously formed nuclei at
lower temperatures, while at higher temperatures, its growth pro-
gresses in a spherical way with a sporadic nucleation event. It is
observed that increasing the field magnitude will affect the Avrami
parameter. The n values are higher when increasing the magnitude
of the electric field, both AC and DC. Interestingly, as we observe in
Fig. 3b, the frequency of the AC field does not influence the dimen-
sionality of growing crystals in the present temperature range.
In Fig. 3c, we can observe in more detail, for a selected temper-
ature, Tc = 213 K, that the Avrami parameter depends on the mag-
nitude of the applied electric field. Specifically, it increases as the
amplitude of the field increases, whereas it does not change signif-
icantly when the field frequency is changed. The field frequency
should affect more the crystallization rate, as observed in a previ-
ous paper.[26] However, in the present experimental protocol, the
field is applied at a low temperature, T = 173 K, and the crystalliza-
tion progresses in the absence of a strong field. Herewith, the par-
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Fig. 3. The Avrami parameter for VEC plotted as a function of crystallization
temperature at (a) E = 200 kV cm1 for DC field and E = 160 kV cm1 for AC field
with different frequencies; (b) E = 200 kV cm1 and 100 kV cm1 for DC field and
E = 160 and 100 kV cm1 for AC field at 10-1 Hz; Panel (c) shows the evolution of
crystallization rate as a function of the frequency of the used AC field. The values
obtained in the absence of high-field and for DC case were added for reference. Error
bars for n are no included, as they do not exceed the symbol size in this graph.
Fig. 4. Melting curves of previously crystallized VEC analyzed in terms of the
permittivity e0 measured at a frequency m = 10 kHz upon scanning temperature from
the crystallization temperature to 245 K at a rate of 1 K min1. Crystallization has
been field-induced using different magnitudes and frequencies of the field, as
indicated in the legends. The zero field crystallization counterpart is added for
reference.
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the crystallization ongoing.
It is highly desirable to come to a more molecular understand-
ing of the interplay between the effect of the external field and
crystallization temperature. The frequency dependence pointed
toward the field-induces crystal nuclei being macroscopically
polarized but a crystal structure analysis in needed in order to gain
a better understanding, which is not available because ex-situ
studies are not easily possible with sub-ambient melting
temperatures.
3.3. Melting behavior
After the crystallization is completed, the melting process was
followed in the absence of a high electric field to verify the final
product. The melting curves measured at f = 10 kHz, at a rate of
DT = 1 K min1, are shown in Fig. 4, for all crystallization tempera-
tures of this study. In the case when no high electric field was
applied, we can observe only the formation of one polymorph with
melting temperature Tm1  227 K. Similar to the non-field case,
when the AC field is applied with f = 1 Hz and magnitude of 100
or 160 kV cm1, only one melting event is detected, associated
with the regular polymorph. However, for a crystallization temper-
ature of Tc = 198 K, with the frequency of the AC field decreased to
f = 10-1 or 10-2 Hz, we observe an additional melting event at Tm2 
208 K, associated with the field-induced polymorph. Intuitively,
melting at Tm2 is associated with the crystallization event taking
place at lower temperatures, as observed in Fig. 2a and 2b. The
transition at 208 K is identified as melting of the high-field crystal,
as the process recovers the orientational degrees of freedom char-
acteristic of the liquid state. The process is thus incompatible with
a solid–solid transition, which would not be associated with4
recovering the static dielectric constant of the pure liquid state.
The subsequent crystallization above 208 K is the result of residual
nuclei of the stable type I crystals, and the melting event at 208 K
also occurs in the absence of recrystallization (see for more details
[17]). The intensity of the e’ peak near Tm2, which can be associated
with the volume fraction of the metastable polymorph, increases
when using the AC field frequency of f = 10-2 Hz compared with
f = 10-1 Hz. At Tc = 203 K, only the frequency f = 10-2 Hz can pro-
duce the field-induced polymorph, while in the case of f = 10-1
Hz, there are no traces associated with the high-field polymorph
melting recorded in the dielectric temperature scans. All other
melting curves associated with crystallization temperatures
between 208 K and 223 K follow the same behavior as the no-
field case, showing only the ordinary polymorph which melts at
Tm1.
The influence of the magnitude of the high electric field on the
final product composition can be observed in the melting events.
For example, in Fig. 4, at Tc = 198 K, for frequencies f = 10-1 Hz
and f = 10-2 Hz, we observe that the intensity of dielectric permit-
tivity is higher when using 160 kV cm1 in comparison with
100 kV cm1. The same can be observed at Tc = 203 K, for f = 10-2
Hz, the melting event is more intense when the field magnitude
increases. A higher value of the dielectric permittivity at Tm2 indi-
cates that the fraction of the high-field polymorph obtained in the
crystallized material was greater in such cases. Likewise, when the
DC field is used, we observe two melting events for crystallization
temperatures between Tc = 193 K and Tc = 203 K, while for the
remaining temperatures, only one melting event at Tm1 is
observed. Similar to the AC field, the magnitude of the DC high-
field affects the quantity of formed polymorph. At Tc = 198 K and
Tc = 203 K, when the magnitude of the field was 200 kV cm1
shows a higher intensity of the e’ in comparison to when the field
magnitude used was 100 kV cm1. All the remaining temperatures,
between Tc = 208 K to Tc = 223 K, show the same behavior as the
zero field case.
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In this work, the effect of the high-electric field on the crystal-
lization of polar molecular liquid was explored, with focus on the
crystallization rate in a wide temperature range. First, the electric
field was only applied close to Tg, and then the sample was heated
up to the desired crystallization temperature, Tc. We have shown
that the frequency and amplitude of the applied AC high-field
allow forming at lower temperatures one additional crystallization
curve maximum, related to the formation of the field-induced
polymorph with distinct melting temperature. Moreover, increas-
ing the magnitude or decreasing the frequency of the applied field
will increase the crystallization rate of this polymorph. Likewise, a
high DC field influences the crystallization in the same manner as
an AC field of very low frequency. However, these factors do not
affect the position of the crystallization rate maxima. Additionally,
the melting curves show that the quantity of the field-induced
polymorph in the final crystalline material can be controlled by
changing the magnitude or frequency of the field. Finally, the
Avrami parameter n was found to be affected by the magnitude
of both DC and AC electric fields or by the temperature at which
crystallization occurs, while it seems to be independent of the fre-
quency of the applied AC field.
This work sums up the study of how AC and DC fields can influ-
ence the crystallization behavior of VEC using dielectric spec-
troscopy. Together with previous reports,[9,17,18,26] it provides
a complete picture of how to control or suppress specific poly-
morphs by using the frequency or amplitude of the applied field,
potentially useful in materials engineering or the pharmaceutical
industry. Unfortunately, it is not possible to study the final crystal-
lization product of VEC in more detail due to its low melting point,
which limits the options of in-situ studies of the structure. The
sub-ambient melting point (-35 C) of the crystals prevent a direct
characterization of their crystal structure and molecular proper-
ties. This is especially true for the field-induced polymorph. We
aim to conduct such studies for a field induced polymorph for
which the melting point is above room temperature. However,
our results collected for VEC still provide an essential experimental
guide that can be used for more advanced future studies, aimed at
applying a high electric field to control the crystallization behavior
of molecular materials.
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